The inaccessibility of mammalian organogenesis stage embryos has precluded their widespread use in embryological and teratological studies. As organogenesis occurs during the last 1.5 days of the 10.7 days of gestation in the stripe-faced dunnart (Sminthopsis macroura), the aim of the present study was to investigate whether day 9 and day 10 embryos and fetuses could be grown to term in vitro. High glucose Dulbecco's modified Eagle's medium with 10% fetal calf serum (FCS) supported embryonic growth for various periods of time, some to within 5 h of the predicted time of parturition. A roller culture system maintained at 35ЊC was used to incubate organogenesis stage embryos (n = 43). Nine unincubated (control) embryos were either fixed for microscopic analysis or frozen for microprotein determination. The results of the present study indicate that with some optimization of the culture conditions (increasing oxygen in the gas phase in the culture tubes, replacing FCS with rat serum), it might be possible for organogenesis stage S. macroura embryos to be grown to term. A scoring scheme for assessing morphological development was devised for use as a standard in staging organogenesis stage embryos. This scheme reflects the highly compressed schedule of developmental events that occurs mainly during day 9 of gestation in S. macroura embryos. In comparison, during embryogenesis in Didelphis virginiana these developmental events occur from day 8 to day 10.5 of gestation, and birth occurs on day 13. (Gardner et al., 1996) . Advanced marsupial embryos (at head-fold stage or later) have been grown successfully in culture from the North American didelphid Didelphis virginiana (Virginian opossum) (New and Mizell, 1972; New et al., 1977) , and from S. macroura and A. stuartii (Yousef and Selwood, 1993) . In these studies, human amniotic fluid, pure serum and various serum-supplemented culture media were used (DMEM, tissue culture medium 199, Ham's F10 medium, Hank's balanced salt solution and Tyrode's solution).
S. macroura is an Australian dasyurid that has proven useful for the study of mammalian development. Its small size and high fertility are the main reasons for its success as a laboratory animal. As in other marsupials, extensive embryonic development in S. macroura continues after parturition. However, development in utero in this species proceeds rapidly, and parturition occurs on day 10.7 of gestation (Selwood and Woolley, 1991) . This is the shortest duration of gestation recorded for any mammal. With very few exceptions, the work on marsupial embryonic cell lineage during the last 10 years has been carried out on S. macroura embryos (for a review see Selwood and Hickford, 1999) . Over the past 3 years, ongoing work in this laboratory has provided opportunities for collecting S. macroura embryos between day 9.5 and day 10.5 of gestation. These embryos have been grown in vitro with the aim of developing a protocol that would allow the embryos undergoing late stages of development to be used for future experiments.
In the present study, the results of preliminary attempts to culture organogenesis stage S. macroura embryos are reported. A staging scheme devised for assessing the growth of embryos from the head-fold stage of development to parturition is also reported (from day 9.5 to day 10.7 of gestation).
Materials and Methods
The animals used in this study were obtained from a laboratory colony of S. macroura maintained by L. Selwood at La Trobe University (Selwood and Hickford, 1999) . The reproductive status of the females was determined as described by Selwood and Woolley (1991) . Briefly, this method uses daily body weight fluctuations of female animals, in conjunction with examination of the urine, to determine whether ovulation has occurred. In S. macroura, the day of ovulation coincides with a decrease in body weight that occurs concurrently with the presence of cornified cells from the lateral vaginae and of polymorphonuclear lymphocytes in urine. A female confined with a male for 2 or 3 days is likely to mate during mid-oestrus. The presence of spermatozoa in the urine of a female confirms that insemination has occurred. Pregnancy is timed with the detection of ovulation set as time 0 (Selwood and Hickford, 1999) .
Embryos were obtained from females that were killed on day 9 or day 10 of gestation. The anaesthetic used was 4.5% halothane (Rhone Merieux, Australia) for induction for 5 min and 2.5% halothane for maintenance. Halothane was delivered in oxygen at 200 ml min -1 using a Fluorotech 3 vaporizer (Cyprane Limited, Keighley). The animals were killed by exsanguination or by administration of an overdose of anaesthetic.
Australian National Health and Medical Research Council Guidelines for the care and use of animals in research were followed in this study, which was conducted under Permit numbers RP-96-158 and RP-97-167 from the Victorian Department of Natural Resources and Environment.
Gravid uteri were explanted under aseptic conditions and rinsed several times in warmed (35ЊC) calcium-and magnesium-free PBS. Each uterus was transferred to warm culture medium, slit longitudinally along the mid-line and carefully everted so that the embryos rolled out readily into the medium, with little or no assistance. In the case of day 10 embryos, when the firmness of yolk sac adhesion to the endometrium often prevented the embryos from rolling out freely, the endometrium was cut around the region of attachment. Hence, some day 10 embryos transferred to culture medium unavoidably carried a fragment of endometrium. Occasionally, when the bilaminar yolk sac tore because it adhered firmly to both the uterine halves separated by the incision, the embryo was transferred to culture medium without an intact yolk sac. However, in all cases, the amnion (and derivatively the chorion as well) was left intact whether or not it covered the entire embryo (Fig. 1) . The allantois was not disturbed because of its enclosed position within a slight depression in the trilaminar region of the yolk sac.
A total of 52 embryos, nine of which were either fixed immediately in 4% (w/v) paraformaldehyde (Sigma Chemical Company, St Louis, MO) for later reference or frozen in PBS at -20ЊC for subsequent protein analysis, were used in these experiments (Table 1) . Frozen embryos were dissected to dissociate fetal from extra-embryonic tissues, which were subjected separately to microprotein determination using the phenol reagent method (Sigma Chemical Company, St Louis, MO), which is a modification of the Folin phenol method (Lowry et al., 1951) . Whenever possible, the embryos to be grown in vitro were examined in the containers into which they were explanted (sterile well dishes) or cultured (roller culture tubes; Nunc, Roskilde). Handling of the embryos was minimized and conducted whenever possible on surfaces heated to 35ЊC (body temperature of S. macroura). The embryos were transferred individually to culture tubes half-filled with culture medium, which were incubated for 24 h in a roller culture chamber (BTC Engineering; Cambridge) maintained at 35ЊC.
The culture medium used was DMEM containing 4.5% (w/v) glucose (Sigma Chemical Company), supplemented with 10, 20 or 30% FCS (Commonwealth Serum Laboratory, Melbourne, Victoria), 100 iu penicillin-streptomycin ml -1 (Sigma Chemical Company) and 50 µg glutamine ml -1 (Sigma Chemical Company) (Selwood and Young, 1983; Selwood and Smith, 1990) . Sheep amniotic fluid (M. Wintour, Howard Florey Research Institute, Melbourne), not supplemented with serum, was used in certain instances in place of culture medium. Photographs were taken through a Zeiss dissecting microscope fitted with an Olympus camera using Kodak TMAX 100 film.
Statistical analysis was performed when appropriate using ANOVA and subsequently, when indicated, Student's t test.
Results
Day 9 embryos differed greatly in the extent of their morphological development at explantation. Variation occurred among individuals in a litter and was frequently even greater among litters from different females determined at day 9 of gestation. Therefore, staging embryos strictly on the basis of day of gestation was not possible. It was also noted that certain embryos were, overall, smaller than others, although other indices of development, such as adhesiveness of the yolk sac and digit differentiation in the forelimb, indicated that they were older. Moreover, although the events comprising organogenesis in S. macroura proceed in the sequence established for D. virginiana (McCrady, 1938) , organogenesis in S. macroura occurs at a highly accelerated rate on day 9 of gestation (Table 2 ). This obvious difference in the rate of development between S. macroura and D. virginiana precludes the use of McCrady's staging scheme, which until now was the only complete scheme available for both the embryonic and fetal stages of marsupials. For these reasons, a novel staging scheme, modelled after that designed for rat embryos grown in vitro (Brown, 1990) , was devised (Table 3) .
The embryos were suspended fully in culture medium during incubation as a result of the rocking motion generated by the roller culture chamber. This prevented the embryos from flattening and adhering to the interiors of the culture containers. None of the embryos appeared to be harmed mechanically by the slow swirling motion of the culture medium during incubation. Blood circulation and heartbeat, when detectable at the end of culture, appeared normal. However, most embryos had blisters of variable sizes in the fetal epidermis or exterior of the yolk sac. Endometrial fragments that adhered to explanted yolk sacs of day 10 embryos were dislodged during culture. This inadvertent co-culture of endometrial tissue with embryos decreased the pH of the culture medium.
The extent of the developmental advances attained by the embryos grown in culture appeared to be a function of their age at explantation. Thus, younger (or lower scoring) embryos tended to amass more score points during 24 h incubation than did older embryos (Fig. 2) . The embryo surviving the longest in culture had an initial score of 12 and a final score of 40. In vivo, this developmental interval would have taken 12 h, whereas in culture it required 24 h. Of the 11 embryos that showed no sign of development in culture, six (54.1%) each had a score of 49, which is usually attained early on day 10 of gestation. The amount of FCS used to supplement the culture medium was another factor that influenced the extent of development of embryos grown in vitro (Table 1 ). The effects of 10% and 20% FCS on embryonic growth in vitro were indistinguishable (t test) from each other, but both concentrations stimulated embryonic development significantly better than did 30% FCS or sheep amniotic fluid (t test, P < 0.01) (Fig. 3) . Addition of serum invariably increased the pH of the culture medium. Although re-adjusted to 7.2-7.4 at the start of culture, the pH increased visibly during culture (colour change from yellow-pink to violet-pink). At the end of culture, pH values of approximately 8.0 were common.
The total amounts of protein detectable in both fetal and extra-embryonic fractions by microprotein determination increased during culture in vitro (Table 1 ). The reference embryos for certain developmental scores, although too few for statistical analysis, indicated that younger embryos developed better in culture than did older ones. Thus, embryos with a starting score of 22 underwent a 54% increase in fetal or total protein content, whereas those with starting scores of 45 and 49 underwent 24 and 25% increases, respectively. In contrast, embryos with a starting score of 54 underwent a 9% decrease in fetal or total protein content. As it was frequently impossible to explant day 10 embryos without tearing their yolk sacs, no quantitative analysis could be made of the growth of extra-embryonic tissues in culture.
Discussion
The staging scheme reported in the present study reveals several characteristics of S. macroura embryos that are not found in other laboratory mammals. The exceptionally short duration of gestation (10.7 days) in S. macroura compared with other mammals is explained partially by an increased rate of development principally during day 9 of gestation. The duration of cleavage in S. macroura is also shorter than in any other marsupial that has been studied (Selwood and Hickford, 1999) . Likewise, the low birth weight (approximately 13 mg) of S. macroura correlates with the very short period during which organogenesis occurs (over 1.2 days from day 9.5 to just before birth on day 10.7 of gestation). A third predicted correlate of low birth weight and rapid organogenesis is a non-invasive placenta (Selwood, 1980) . It is not known whether S. macroura has a non-invasive placenta, although in a congeneric dasyurid, S. crassicaudata, the bilaminar yolk sac erodes the endometrium but does not invade maternal capillaries (endotheliochorial placentation) (Roberts and Breed, 1994a,b) .
The staging scheme proposed in the present study has a flexibility that could prove useful in applications of embryological analysis. Firstly, the developmental stage attained by an embryo is disengaged from the actual Each anatomical feature is assigned a numerical score based on the stage of development attained. A blank entry within a column indicates that the feature should be assigned the score in the preceding column for which an entry is available. Score at birth = 66.
(Example: an embryo with the following characteristics would be assigned a total score of 20: allantois ~0.2 mm (score 2) + sinus terminalis to the equator (score 1) + head-fold over otocyst (score 1) + primary lumbar flexure (score 2) + visible sinus rhomboidalis (score 1) + open otocyst (score 2) + faint grey pigment in lens (score 2) + median cleft reduced to halfway down face (score 2) + tongue just visible in open mouth (score 2) + forelimb a bud (score 2) + hindlimb not visible (score 1) + tail a knob of tissue (score 2)).
duration of gestation in vivo. A scheme based on morphological features instead of chronological age will facilitate meaningful comparisons among species, possibly including poikilothermic vertebrates. Secondly, the components of each major developmental milestone, for example, limb formation, are broken down into a strict sequence of events, each of which may then be evaluated or studied separately, as appropriate. This dissociability may prove useful in evaluating specific teratological or pharmacological effects of various agents on developing embryos (Cockroft and New, 1978; Brown, 1990 ). There was intra-litter variation in size and developmental age among siblings. This variability is probably due to the fact that follicular granulosa cells are not shed during ovulation in S. macroura (Selwood and Woolley, 1991) , as in all other marsupials studied (Tyndale-Biscoe and Renfree, 1987) . In polyovular marsupials, oocytes are not held together by cumulus cells and are unlikely to be fertilized simultaneously, as they are in polyovular eutherians. In S. macroura, the oocytes shed at one ovulation event are fertilized over a period of approximately 7 h (Selwood, 1992). Thus, oocytes fertilized early may have a developmental lead too substantial to be overcome within the short gestation period by oocytes that are fertilized later.
The increased survival rate of younger embryos compared with older embryos in vitro indicates that they are less susceptible to changes in their immediate environment. This finding is reflected by the number of score points amassed during culture; for example, embryos with a starting score of 12 grown in media containing 10% FCS gained 8-10 points during culture (litters B, C and D). In contrast, embryos with starting scores of 49-56 grown in the same culture medium gained no more than two (usually 0) score points during culture (litters E, F, H and I). In litter F, an embryo with a starting score of 49 gained seven points during culture in 20% FCS, but the protein content decreased relative to that of Table 2 ). a non-incubated embryo from the same litter. This finding indicates that morphological differentiation continued although size (protein mass) increase did not. However, the protein content of another embryo with a starting score of 49, also incubated in 20% FCS, more than doubled but gained no more than seven score points during incubation (litter G). Few generalizations can be made from the data presented in the present study, indicating that there is considerable variation among litters and among individuals within litters. More information is needed to make inferences about the relationship between protein content and fetal development.
The amount of yolk sac accompanying an explanted conceptus may have affected fetal survival in vitro. Most of the day 10 embryos (fetuses) did not have intact bilaminar yolk sacs, as these adhered more to the endometrium and were damaged during explantation. Therefore, nutrient transport in the placenta must have been compromised because of the reduction in absorptive surface area sustained by the bilaminar yolk sac. Microscopic analysis of the yolk sac placenta in D. virginiana indicates that it is active in the transport of materials in the uterine milieu (Krause and Cutts, 1985) . Future attempts to culture embryos in vitro might be more successful if the trilaminar yolk sac could be retrieved with little or no damage. One feature of the environment insufficiently addressed by the culture method used in the present study was the amount of oxygen available to the embryos during incubation. Rat embryos at the head-fold stage of development are largely unaffected by oxygen concentrations between 5 and 20% (v/v) in terms of development of blood circulation, yolk sac and allantois, as well as the amount of protein synthesized (New et al., 1976a,b; Ellington and New, 1980) , although neural-tube closure is affected adversely by 20% oxygen concentrations (Steele and New, 1974) . However, in the absence of an accurate staging scheme during most of this work, it was difficult logistically to determine the most appropriate gas mixtures in which to incubate the embryos at various stages of development obtained from each gravid animal. Moreover, the roller culture chamber could not ensure the steady flow of a particular gas mixture through the culture medium during incubation. In addition, because fetal heart rate decreased considerably within minutes of explantation, concerns about minimizing exposure of the embryos to ambient temperatures < 35ЊC became paramount. Therefore, it was decided to incubate the embryos in roller culture bottles with a gas phase consisting of air, or of approximately 20% oxygen and 80% nitrogen. This mixture was neither replenished nor replaced during culture.
With the available information from the staging scheme presented, it is recommended that embryos with scores of at least 40 should be grown at higher oxygen concentrations. The failure to do so in the present study probably compromised the development of blood circulation in the placenta (specifically in the trilaminar yolk sac) (New and Mizell, 1972; New et al., 1977) . Moreover, it has been shown that, at least in the related dasyurid S. douglasi, gas exchange in the neonate occurs mainly through the skin rather than the lungs (Mortola et al., 1999) . This finding indicates that early day 10 S. macroura fetuses (with scores of about 40) could be dependent on both skin-and placenta-mediated gas exchange and, thus, would better survive the remaining 16 h in vitro until birth in an oxygen-rich culture medium.
The optimal concentration of FCS in culture medium appears to be 10%. Increasing the concentration to 20% produced no significant improvement in embryonic survival and at 30%, FCS was harmful to embryos, significantly reducing survival in vitro and increasing both the incidence and size of blisters that formed on the fetal epidermis and yolk sac exterior. Increased incidence and size of blisters has also been reported for organogenesis stage S. macroura embryos grown to within 18 h of birth in non-rolling culture containers (Yousef and Selwood, 1993) and, thus, cannot be attributed to roller culture in the present study.
The increased pH caused by the addition of FCS to culture media may have been responsible for the adverse effects of serum supplementation observed in media containing 30% FCS. This increase in pH may also explain why sheep amniotic fluid failed to support embryonic development in vitro; the pH of pure sheep amniotic fluid used varied from 7.6 to 8.4. Owing to its greater availability, sheep amniotic fluid was used in the present study as a substitute for human amniotic fluid, which supports development of S. macroura and Antechinus stuartii embryos in vitro (Yousef and Selwood, 1993) . Rat serum could be used for culture of S. macroura embryos in vitro as it is commercially available and has been used successfully as a supplement in culture media for postimplantation mouse (Tamarin and Jones, 1968; Clarkson et al., 1969; Sadler, 1979; Sadler and New, 1981; Lawson et al., 1986 Lawson et al., , 1987 and rat (New et al., 1976a,b; Buckley et al., 1978; Cockroft and New, 1975, 1978; Kachilele and New, 1988) embryos. S. macroura serum could also be investigated. The difficulty in obtaining S. macroura serum (each animal yields < 500 µl serum) might be alleviated by the apparently small amount (10%) of serum supplementation required for successful growth of organogenesis stage embryos.
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Y. P. Cruz et al. High glucose Dulbecco's modified Eagle's medium (DMEM) + 10% fetal calf serum (FCS) and DMEM + 20% FCS were significantly better than DMEM + 30% FCS or sheep amniotic fluid at supporting in vitro development of embryos (P < 0.01), but there were no significant differences between them.
In summary, in vitro roller culture of organogenesis stage S. macroura embryos is feasible using simple serumsupplemented culture media, which in the present study supported fetal growth and development to within 5 h of the predicted time of parturition. With additional optimization of the gas phase and type of serum supplement used, in vitro culture of organogenesis stage embryos could facilitate the study of post-implantation developmental events. In addition, in vitro culture generates opportunities for examining the modes of action of various teratogenic agents on mammalian fetuses.
